A dye-displacement method was used to monitor absorbance and fluorescence emissions. Second, the binding strength of this cobaltocenium-containing polyelectrolyte was compared with a classical quaternary ammonium polymer. Formation of polyelectrolyte complex between the cobaltocenium-containing polyelectrolyte and a common anionic polyelectrolyte at various concentrations was examined by optical absorption and light scattering.
Introduction
A polyelectrolyte refers to a macromolecule with ionically charged motifs either on the side chain or on the backbone. It is often termed as a polymeric-electrolyte with dual characteristics of a polymer and an electrolyte. The most significant property of polyelectrolytes turns out to be the water solubility, which opens the door for various applications in food industry, [1, 2] ultrafiltration, [3, 4] waste water treatment, [5, 6] fuel cells, [7] [8] [9] [10] biomaterials [11] [12] [13] [14] and nanotechnology [15] [16] [17] [18] . Cationic polyelectrolytes have basic groups such as phosphonium, sulfonium, ammonium, imidazolium or pyridinium in their structure, while anionic polyelectrolytes have acidic groups like sulfonate, phosphate, carboxylate, phosphonate and arsenate [19] [20] [21] . Some of the commonly used polyelectrolytes are polystyrene sulfonate, polyacrylic and polymethacrylic acid along with their salts, DNA and other polybases and polyacids [22] . There have been notable advancements made in designing structures with respect to the nature of ionic moieties. Cationic metallocene such as cobaltocenium is particularly interesting as it possesses intrinsic cationic metal center coupled with counterions and is a good candidate to be used as an ionic center in polyelectrolytes. However, synthetic challenges posed by the high chemical stability of cobaltocenium limits the synthesis of cobaltocenium-containing polymers [23, 24] .
Most of metallocene-containing electrolytes have been exclusively based on ferrocene and widely utilized for applications ranging from electrochemical sensors to templates for advanced materials to biomedicines [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Compared with ferrocene, it is difficult to prepare derivatives from cobaltocene or cobaltocenium by electrophilic substitution due to the ease in oxidation of cobaltocene and the inertness of cobaltocenium salts [35] . Thus, the incorporation of cobaltocene/cobaltocenium into polymers has been far less explored than ferrocene. Most of the initial work on cobaltocenium-containing polymers started off with synthesis of short main-chain polymers via condensation polymerization [36] [37] [38] . It was partly because of the straightforward synthesis of disubstituted cobaltocenium. Manners and coworkers were able to employ ring-opening polymerization (ROP) to prepare water soluble main-chain cobaltocenium-containing polymers [39, 40] . In addition, significant amount of efforts was directed to synthesize cobaltocenium-containing dendrimers [41] [42] [43] [44] . Solid phase peptide synthesis was utilized by Metzler-Nolte and co-workers to make cobaltocenium bioconjugates using cobaltocenium acid [45, 46] . The development of practical synthesis of monosubstituted cobaltocenium achieved by us [47] and others [48] paved the way for the efficient and scalable synthesis of side-chain cobaltocenium-containing polyelectrolytes.
A major thrust for creating novel cobaltocenium polyelectrolytes is fueled by the progress in controlled radical polymerization (CRP) techniques [49] . Recently, we reported the synthesis of side-chain cobaltocenium-containing polyelectrolytes and their applications as advanced materials [50] [51] [52] [53] . In addition, side-chain cobaltoceniumcontaining polyelectrolytes were utilized as novel antimicrobial materials to kill bacteria [54] . These cobaltocenium-containing polyelectrolytes were able to rejuvenate the traditional β-lactam antibiotics by forming an ionic interaction between carboxylic anions and cationic cobaltocenium moieties to inhibit the degradation of drugs. However, the effects of different parameters of small anionic probes such as electrostatic charge, size, conformation and π-electron system on the interactions of these useful polyelectrolytes have not been investigated. Also, the relative binding strength of these polymers in comparison to other cationic polymers is still a mystery.
To explore the ionic binding, we designed two separate experiments. First, a qualitative study was carried out with a fluorescence dye to make a complex with polymers followed by the addition of small anionic probes to displace the dye. The released amount of dye was measured using optical absorption, which gave the relative binding affinity of anionic probes to polymers. The second aspect of this study was to conduct the comparative study of binding strength of cobaltocenium-containing polyelectrolyte with anionic polyelectrolyte. Formation of polyelectrolyte complex (PEC) in various concentrations was examined, and the optical transmittance was measured.
Results and Discussion

Binding of Small Anions with Cobaltocenium-Containing Polymer
In this model study, we synthesized a cobaltoceniumcontaining polymer, poly(cobaltocenium methacrylate) (PCoCl)with molecular weight of M n = 19,000 g/mol via RAFT polymerization (Scheme 1). The disappearance of vinyl protons from methacrylate monomers around 5.0-6.2 ppm and appearance of broad peaks around 0.5-2.0 ppm in 1 H NMR spectrum suggested the successful polymerization.
A number of small organic probes were selected to systematically investigate the relative binding affinity between polyelectrolytes and anionic probes. As shown in Table 1 , the anionic probes in the same category differ by one key property, so that comparison of the relative affinities provides the important structural features for intermolecular interactions. The common techniques to investigate such intermolecular interactions like nuclear magnetic resonance (NMR) and mass spectrometry (MS) are not desirable in this situation. For effective NMR, higher concentration of samples is required but those concentrations of polymerdye complex would result in a viscous solution with slow diffusion. Therefore, an optical spectroscopy method would be ideal as it is fast and efficient even at low concentrations [55, 56] . However, neither the polyelectrolytes nor the organic probes have any significant chromophore or fluorophore to monitor their binding ability. Thus, the introduction of a reporting agent in the system is necessary. In this approach, a trianion dye, 5(6)-carboxyfluorescein (CF), was used as a fluorescent indicator because the binding affinity of monoanion and dianion towards polyelectrolytes would be too low at a lower concentration. All experiments were conducted in a 50 mM aqueous Tris buffer solution with pH 7.4 at 25 °C. The polymer-dye complex (P-CF n ) was firstly made as shown in Scheme 2, and then the nonfluorescent displacer probe was introduced to displace the dye from its polymer-dye complex to form a polymer-probe complex (P-D m ). The polymer-probe complex can be monitored through the change in spectroscopic signature of the dye from its bound state to free state by UV-visible and fluorescence emission spectroscopy. The spectroscopic signature is represented by the free dye anion.
The ratio of the concentration of polymer to the concentration of dye is critical in the displacement experiment. When the polymer is used in excess, the dye would not fully bind to the polymer. This would result in unoccupied space in the polymer and resist any signal change. On the other hand, if the polymer is not enough, the excess dye would add to the displaced dye signature, which would result in the wrong estimation. We found the polymer could bind at least 85% dye (Fig. S1 ). The fluorescence intensity and absorbance isotherms profiles were obtained by the titrations of displacer probes into a buffered solution of the polymer-dye complex. By comparing isotherm profiles for different displacer anions, the important structural properties for the binding to these polymers can be estimated.
Electrostatic Charge
The effect of the electrostatic charge on the relative affinity for cobaltocenium polyelectrolytes was carried out by using a series of model carboxylate anions succinate, propane-1,2,3-tricarboxylate, and 1,2,3,4-butanetetracarboxylate, which respectively represents dianionic, trianionic, and tetraanionic species. The results showed that with the increase in charge in a guest anion, the binding affinity increased significantly (Fig. 1) . On average, the increase of one negative charge in the probe could increase the relative binding affinity by one order of magnitude, [57] highlighting the importance of electrostatic interactions.
Guest Conformation
The effect of conformation of a guest anion on the relative affinity with the polymer was investigated by using cyclohexanetricarboxylate and tricarballylate. Both anions have three negative charges, but cyclohexanetricarboxylate is much more rigid due to its chair conformation whereas tricarballylate has less conformational restrictions because of linear backbone. As shown in the isotherms in Fig. S2 , the two anions showed similar binding affinity.
In order to explore the effect of guest size on the relative binding affinity, succinate and pimelate anions were studied. Both anions have two negative charges but differ in carbon chain length. The electrostatic contribution in their binding to the polymer would be equal. The result showed no difference in the binding behavior between two linear anions with different chain length (Fig. S3) . Thus, the size and conformation of the guest molecules do not have significant influence on binding affinity for the cobaltocenium polymer.
π-System
Finally, the effect of aromaticity of the displacer probe on the relative affinity was examined. purpose, benzene-1,3,5-tricarboxylate (trimesate) and 1,3,5-cyclohexanetricarboxylate anions were used. Both are trianions with similar size and conformation but have different π-electron system. As shown in Fig. 2 , the presence of π-system on guest anion (benzene-1,3,5-tricarboxylate) increases the affinity for cationic cobaltocenium significantly. The difference on the relative affinity is due to an interaction mediated by the aromatic core of the trimesate anion. The positive charge in the cobaltocenium cation induces significant polarization of the C-H bonds in the cyclopentadiene. One of these C-H bonds in cyclopentadiene ring interacts with the π-electron cloud of the guest species. The overall process of interaction is promoted by the electrostatic charge on cobaltocenium in the polymer (Fig. 3 ).
Comparative Study of Binding Strength of Cobaltocenium-Containing Polymer
The primary goal of this part of experiment was to compare the relative binding strength of cobaltocenium containing polymer with quaternary ammonium-containing polymer. For this purpose, PEC was formed between the cationic polymers under study and an anionic polymer, poly (sodium styrene sulfonate) (PSSNa), through strong Coulomb interactions. PEC has been used for various applications ranging from industrial applications for coatings, binders to biomedical and biotechnological applications [58] . Poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) is one of the widely used cationic polymers that have found applications in various fields as a polyelectrolyte [59] [60] [61] [62] . Cationic PDMAEMA (referred simply as to PDMAEMA hereafter) with a similar structure to PCoCl was synthesized using RAFT polymerization (Scheme 3).
The degree of polymerization of both cationic polymers was controlled at 50 by tracking the monomer conversion during the polymerization process using 1 H NMR. The molecular weight of PCoCl and PDMAEMA was 19,000 and 15,000 g/mol, respectively. Throughout the experiment, equivalent moles of PCoCl and PDMAEMA were used against the same volume of PSSNa to measure the optical transmittance. To get the quantitative results, the formation of PEC between a cationic polymer and PSSNa at various concentrations were examined by a UV-vis spectrophotometer at room temperature.
As shown in Fig. 4 , the transmittance of polyelectrolyte solutions (T t ) was compared with that of deionized water (T o ) as described by the ratio of T t /T o as a function of volume of PSSNa added. The difference observed in the transmittance of PEC solution could provide information about the relative binding strength between cationic polyelectrolytes and the anionic polyelectrolyte. Initially, 1.0 mL of 0.10 mM solutions of PCoCl and PDMAEMA was placed in two different cuvettes, and the transmittance was measured separately for both polymer solutions. Then, 0.10 mL PSSNa solution (0.01 mM) was added to both cuvettes. The transmittance of the resulting PEC solution was measured accordingly. The volume of PSSNa was increased each time by 0.10 mL until it reached 1.0 mL. The initial solutions of both cationic polymers were transparent. With the increase amount of PSSNa, the solutions gradually turned milky and turbid, formed opaque suspension, and then finally precipitated. The transmittance ratio clearly showed a higher decrease for PCoCl than PDMAEMA. When the concentration of each cationic polymer solution was 0.10 mM, the final transmittance caused by PCoCl was decreased to 52% as opposed to 74% by PDMAEMA. The decrease in %T was even more prominent when 0.20 mM cationic polymer solutions were used. The final %T with PCoCl was about 41% while it was close to 69% for PDMAEMA.
A separate experiment was carried out by increasing the concentration of PSSNa to 0.02, 0.03 and 0.07 mM. Accordingly, 1.0 mL of higher concentration PSSNa was added to 1.0 mL 0.01 mM cationic polymer solutions. With the addition of 1.0 mL 0.03 mM PSSNa, the reduction in transmittance was quite noteworthy for PCoCl. It decreased to 45% as compared to 66% for PDMAEMA (Fig. S9 ). Higher concentrations of PSSNa provided negatively charged motifs in excess so that cationic polymers can bind instantly, leading to a sudden decrease in transmittance. The effect of higher concentration was prominent when 0.07 mM PSSNa was used. The transmittance of PDMAEMA decreased to 65%, while the final transmittance of PCoCl reached down to 35%. It can be inferred that more PECs were formed in case of PSSNa-PCoCl than PSSNa-PDMAEMA as a result of stronger binding between PSSNa and PCoCl. Any concentrations higher than 0.07 mM PSSNa resulted in instant precipitation.
We further studied the size of PEC particles resulted from the mixing of cationic and anionic polymers by dynamic light scattering (DLS). As shown in Fig. 5 , the average diameter of PDMAEMA-PSSNa particles was about 4 µm, much larger than the average size of 300 nm for PCoCl-PSSNa particles. Based on these findings a more compact structure for PCoCl-PSSNa can be speculated in comparison to PDMAEMA-PSSNa.
Conclusions
In summary, we carried out two model studies to investigate the nature and relative strength of intermolecular interactions between cobaltocenium-containing polyelectrolytes and anionic probes using optical spectroscopy methods. We found that the electrostatic charge and the interaction with a π-electron moiety in the small molecular probes are the most influential factors in determining the binding affinity. However, the conformation and size of anionic probes do not significantly influence the binding affinity with the cationic polyelectrolyte. Furthermore, the polyelectrolyte complexes between a cationic cobaltocenium polymer and an anionic polymer were prepared to compare with a cationic quaternary ammonium polymer. The results demonstrated the cobaltocenium-containing polymer showed significantly higher binding with the anionic polymer than the quaternary ammonium counterpart. This work facilitated a better understanding on the fundamental interactions between cobaltocenium-containing polyelectrolytes and anionic probes.
Experimental
Characterization
1 H NMR spectra (400 MHz) were recorded on a Varian Mercury 400 NMR spectrometer with tetramethylsilane (TMS) as an internal reference. UV-vis was carried out on a Shimadzu UV-2450 spectrophotometer with a 10.00 mm quartz cuvette and monochromatic light of various wavelengths over a range of 190-900 nm. Dynamic light scattering (DLS) was operated on a Nano-ZS instrument, model ZEN 3600 (Malvern Instruments. Fluorescence emission intensity was measured by using Cary Eclipse Fluorescence Spectrophotometer).
Materials and Methods
2-Cobaltocenium amidoethyl methacrylate hexafluorophosphate (CoAEMAPF 6 ) was synthesized according to our earlier report [51] 
Synthesis of Cationic (2-dimethylamino)ethyl methacrylate (DMAEMA)
Neutral DMAEMA (5.00 g, 31.90 mmol) was dissolved in 30 mL of dry DCM and chilled to 0 °C. Iodomethane (9.00 g, 63.80 mmol) was then added dropwise to the solution under stirring and reacted for 30 min at room temperature. After precipitation in ether, a white powder was obtained with a yield of 87%.
Synthesis of Cationic Poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA)
Throughout this experiment cationic PDMAEMA will be used and will be referred as simply PDMAEMA. Cationic DMAEMA (0.50 g, 2.42 mmol), RAFT agent (6.75 × 10 −3 g, 24.20 × 10 −3 mmol) and AIBN (1.20 × 10 −3 g, 7.31 × 10 −4 mmol) were dissolved in 1.5 mL of dry MeOH in a 10 mL Schlenk flask and degassed by three cycles of freeze-pump-thaw. The reaction was heated under 70 °C until the desired conversion was reached and quenched by opening to air and cooled with ice water. The reaction was precipitated in acetone three times and vacuum-dried to afford a pink powder.
Synthesis of 2-Cobaltoceniumamidoethyl
Methacrylate (2-(methacrylolyamide) 
Synthesis of Poly
Titration Conditions
All experiments were carried out in aqueous solutions buffered to pH 7.4 with Tris buffer solution at a temperature of 25 °C. The pH of the working solutions was adjusted prior to use by addition of NaOH or HCl solution and checked during a titration to make sure that it stayed at the desired value of 7.4. The concentration of polyelectrolytes in all experiments was maintained at 1.00 × 10 −6 M.
Binding Isotherm
Stock solutions of dye, polymer, and displacer anions in a buffered solution were used as starting points for all experiments. All solutions used in this study were made by dilution of aliquots of these stock solutions. Binding isotherm experiment was conducted using constant polyelectrolytes (1.00 × 10 −6 M) and different fluorophore concentration. Absorbance and fluorescence emission readings were blanked by subtracting the corresponding reading for the buffer. The resulting data were plotted as a function of the [polyelectrolytes]/[fluorophore] ratio to produce binding isotherms.
General Displacement Titration Protocol
Displacement experiments were carried out using two separate working solutions: a "titrant" and a "cuvette" solution. Titrant and cuvette solutions were made fresh for each experiment. A cuvette solution contained both the dye ([CF] = 2.00 × 10 −6 M) and the polyelectrolyte ([P] = 1.00 × 10 −6 M) at an appropriate ratio to form the desired bound dye complex (P-CF n ). The titrant solution contained a displacer anion at an appropriate concentration to carry out the titration. Titrations on benchtop instruments were carried out by addition of different aliquots of titrant solution to a constant volume of cuvette solution. The total volume of mixture was kept constant by addition of buffer solution. Using this method, the concentration of dye and polyelectrolyte remained constant but the concentration of displacer anion varied throughout the titration. The resulting data from fluorescence and UV-vis spectroscopy were plotted as a function of the [displacer anion]/ [fluorophore] ratio to produce fluorescence intensity and absorbance isotherms.
Measurement of Transmittance
A typical experiment is described as an example. 1.00 mL of 0.10 mM PCoCl and PDMAEMA was placed in two different glass cuvettes followed by the measurement of transmittance. Different volumes of PSSNa (concentration = 0.10 mM) from 0.10 to 1.00 mL was added to both cuvettes. The addition of PSSNa was increased each time by 0.10 mL and subsequent transmittance of the resulting PEC solution was measured.
